Introduction
Pancreatic ductal adenocarcinoma is an aggressive and devastating disease through which invasiveness, rapid progression, and profound resistance to treatment lead to a five-year survival www.advancedsciencenews.com www.advhealthmat.de vivo; [8] [9] [10] however, these systems do not address the issues of drug permeability because of the shrinking of collagen gels, which are widely employed as a matrix. [11] If artificial 3D-tissue structures comprising human cancer cells and fibroblasts could be reconstructed in vitro, then these structures would enable the investigation of the diffusion of fluorescently labeled drugs and nanoparticles. Recently, we reported an in vitro fabrication of 3D-tissue constructs by cell surface coating with nanometer-sized extracellular matrix (ECM) films [12] [13] [14] [15] [16] using a layer-by-layer (LbL) assembly process. [17] The fabrication of multi cellular tissues by LbL coating on the cell surface has recently attracted much attention. [18] An ≈6 nm dried-thick (wetthick is ≈25 nm [19] ) fibronectin-gelatine (FN-G) film prepared on the cell surface provides a cell-adhesive surface similar to natural ECM. We previously performed permeability assays of model drugs, dextran molecules, of five-layered (5L)-fibroblast tissues using murine pancreatic tumor fibroblasts. [20] Although we observed interesting changes in permeation depending on the source of the fibroblasts, the structures of the constructed 3D-tissues were far from an actual tumor, reflecting the absence of cancer cells.
In the present study, we reported the construction and characterization of in vitro pancreatic cancer 3D-tissues to understand the interactions between cancer cells and fibroblasts and to determine the influence of this crosstalk on the secretion of ECM proteins, particularly type I collagen (Figure 1) . The constructed 3D-tissues comprising normal human dermal fibroblasts (NHDFs) and pancreatic cancer cells (MiaPaCa-2) or colon cancer cells (HT29, used as control) showed a decrease in the permeability of a model drug (i.e., dextran) with an increasing cancer cell ratio. The 3D-MiaPaCa-2 tissues displayed an increase in the secretion of collagen and other ECM proteins as a function of the cancer cell ratio, whereas 3D-HT29 tissues did not show any significant difference. Interestingly, the amount of secreted collagen or ECM/fibroblast in the 90% MiaPaCa-2/10% NHDF 3D-tissues was approximately ten times higher than that of 10% MiaPaCa-2/90% NHDF 3D-tissues under cancer cell conditions. To our knowledge, this study provides the first example of an in vitro engineered tumor model to reveal the communication between cancer cells and fibroblasts and determine the influence on the development of a desmoplastic reaction. Since the critical point of this technology is the fabrication of 3D-cancer-stromal tissues possessing similar structures and biological functions as in vivo tumors, these fabricated tissues will be valuable in vitro tools to understand cancer-stromal cell interactions in detail.
Results and Discussion

Construction of 3D-Cancer-Stromal Tissues
We previously reported the rapid construction of 3D-tissues comprising induced pluripotent stem cells (iPS)-derived cardiac myoblasts (iPS-CM) using a filtration-LbL assembly method. [21] Less than 10 nm thick FN-G films prepared by layer-by-layer assembly [17] promoted cell-cell interactions and adhesion akin to the natural ECM. When the FN-G films were not employed, the cells, such as fibroblasts, could not be homogenously stacked, [13] and similar results were also observed for cancer cells ( Figure S1 , Supporting Information). Thus, the FN-G coating on the cell surface is essential to construct 3D-tissues. Although 3D-100%MiaPaCa-2 tissues could not be constructed, even after coating, HT29 indicated homogenous tissue structures at the 100% condition (Figure 2) , reflecting the higher expression of tight junction proteins compared to the MiaPaCa-2 cells (data not shown). Immunohistochemical staining of cytokeratin (CKAE1+AE3 and CK20) showed the homogeneous distribution of MiaPaCa-2 in the tissues and the cluster formation of HT29, respectively. This phenomenon also suggested a stronger cell-to-cell interaction among HT29 cells compared with MiaPaCa-2 cells.
The thickness of the 3D-NHDF tissues constructed without cancer cells was ≈30 µm, and the values were consistent with a previous report. [13] The thicknesses of the 3D-tissues slightly increased with an increasing cancer cell ratio, likely reflecting the larger diameter of cancer cells compared to NHDF. The constructed 3D-cancer-stromal tissues remained stable for less www.advancedsciencenews.com www.advhealthmat.de than one week, and their thickness increased and structures were deformed after incubation for a couple of weeks. Accordingly, the following permeability experiments were performed using the 3D-tissues obtained after 3 d of culture.
Effect of the Cancer Cell Ratio on Molecular Permeability
To evaluate the effect of stromal fibroblasts on molecular permeability, the permeability of FITC-labeled dextran (FD) with different molecular weights on 3D-cancer-stromal tissues with varied cancer cell ratios was investigated. After incubation for 2 d, two types of FD molecules, with molecular weights of 4 kDa (FD4k) and 2000 kDa (FD2000k), were added to the top culture media in 24-well inserts with each 3D-tissue and subsequently used to correct the bottom culture media at the predetermined time. Hydrodynamic diameters of FD4k and FD2000k were ≈1 and 20 nm, respectively, as analyzed by dynamic laser scattering ( Figure S2 , Supporting Information). First, we evaluated the permeability of the 24-well culture insert itself (without cells) for 24 h. The FD4k indicated 75% permeability after incubation for 24 h, whereas FD2000k showed only approximately half of this value (36%) ( Figure S3 , Supporting Information).
In the case of FD4k, all 3D-MiaPaCa-2 tissues showed almost the same 50% permeability after incubation for 24 h (Figure 3) . The 3D-HT29 tissues indicated the same tendency; however, only 100% HT29 tissues revealed the lowest permeability, likely reflecting tight junction formation. Since the FD4k indicated almost the same permeability, independent of 3D-tissues or cancer cell type, we concluded that FD4k was not adequate to evaluate the effect of tissues or cancer cell character due to its small molecular size. However, FD2000k revealed a correlation between decreasing permeability and increasing cancer cell ratios in both cancer cells. Only the 3D-100%MiaPaCa-2 tissues showed higher permeability due to the unassembled tissue structure (Figure 2 ; Figure S4 , Supporting Information). The 3D-MiaPaCa-2 tissues indicated higher dependency on the cancer cell ratio compared with the 3D-HT29 tissues, and these data clearly suggested an increase of the permeability suppression factor in 3D-tissues with increasing cancer cell ratios (Figure 3b ). The higher permeability of 3D-MiaPaCa-2 tissues compared to 3D-HT29 tissues might reflect the increased tight junction formation in 3D-HT29 tissues. Notably, the 3 d preculture period prior to the permeability experiments might not be sufficient for the secretion of an adequate amount of ECMs, consistent with the late stage of pancreatic tumors. However, we speculated that the desmoplastic reaction, or the influence of pancreatic cancer cells to enhance the secretion of ECM from fibroblasts, occurred in 3D-MiaPaCa-2 tissues. Thus, we investigated the secretion of ECM proteins in 3D-tissues.
Effect of Pancreatic Cancer Cells on the Secretion of Extracellular Matrix
The secretion of collagen and other ECM proteins was detected using a collagen staining kit (Figure 4) . The 3D-MiaPaCa-2 tissues showed an increase of secreted collagen with an increasing cancer cell ratio, and the noncollagen proteins were markedly secreted at over 50% of the cancer cell ratio. Only 100% MiaPaCa-2 tissues indicated a drastic decrement, likely reflecting unassembled structures. However, HT-29 tissues did not show any significant difference in either collagen or other ECM proteins. Since type I collagen has been reported as the major collagen type in stromal tissues, [1] we also detected the amount of secreted collagen type I using an ELISA kit. The amount of collagen type I secreted from 3D-MiaPaCa-2 tissues revealed a similar increase, and HT29 tissues also showed the same trend. www.advancedsciencenews.com www.advhealthmat.de secreted collagens and 1.5% in all secreted ECM proteins, even at this short culture period (only 3 d).
When the cancer cell ratio increased in the 3D-tissues, the ratio of fibroblasts, as the main players for ECM secretion, decreased, although the secreted amount of ECM increased.
This phenomenon strongly suggested an increase in ECM secretion from a single fibroblast with increasing cancer cell ratio, i.e., the desmoplastic reaction. Accordingly, we estimated the secreted amounts of ECM from a single fibroblast at various cancer cell ratios (Figure 4d-f) . Surprisingly, the fibroblasts conditions. b) The relationship between the cancer cell ratio and permeability of FD2000k after incubation for 24 h. The bottom shows the illustration of this relationship. The asterisks denote statistically significant differences using a two-sample Student's t-test (**p < 0.05, *p < 0.01) for each comparison (n = 3-6).
www.advancedsciencenews.com www.advhealthmat.de in 3D-90%MiaPaCa-2 tissues expressed significantly higher amounts of collagen and noncollagen ECM proteins, and the value was approximately ten times higher than that of HT29 tissues. This result clearly indicates the strong influence of pancreatic cancer cells to fibroblasts on ECM secretion. To understand the mechanism of this phenomenon, mRNA expression was investigated.
Interaction between Cancer Cells and Fibroblasts
The mechanism of desmoplasia in pancreatic tumors is still not clear, but the inhibition of transforming growth factor-β (TGF-β) signaling, [22] hypoxia, [23] fibroblast growth factor-2 (FGF-2), [24] and sonic hedgehog (SHH) [25] are important candidate pathways. Since the TGF-β inhibition pathway is a well-known pathway, in the present study, we evaluated the mRNA expression of SMAD7, a TGF-β-inducible antagonist of TGF-β signaling, and COL1A1, type I collagen, in 3D-90%MiaPaCa-2 tissues with or without the TGF-β inhibitor, LY364947 (Figure 5a) . The relative expression of SMAD7 was predictably suppressed in 3D-MiaPaCa-2 tissues with LY364947, whereas COL1A1 expression did not show a statistically significant difference. To clearly understand the effect of TGF-β signaling, the secretion of collagen type I with or without LY364947 was estimated by ELISA after incubation for 3 d. Collagen type I slightly decreased at 100 × 10 −6 m conditions, and there was no significant difference compared to the control condition (Figure 5b) . The other inhibitor, SB-431542, also indicated no significant difference in collagen type I expression ( Figure S5 , Supporting Information). Although these data did not support the involvement of the TGF-β inhibition pathway, we still considered this pathway as a potential mechanism because of the short-term experimental period used in the present study. We compared mRNA expression just after incubation for 3 d, which is an early stage for the desmoplasia of pancreatic tumor, reflecting the instability of long-term culture (over one week) through the over growth of cancer cells in 3D-tissues. Such short-term incubation might not be sufficient to strongly induce gene expression. The other possibility is the increased tolerance against TGF-β inhibitors of 3D-tissues because we observed higher tolerance to the anti-cancer drugs of 3D-tissues compared with the monolayer (data not shown). Indeed, the other candidate pathways, hypoxia, FGF-2, and SHH, are closely related to the desmoplastic reaction of the 3D-MiaPaCa-2 tissues. Accordingly, further experiments are currently underway to examine the effects of a long-term culture period.
Conclusions
In conclusion, we fabricated 3D-tissues comprising fibroblasts and the pancreatic cancer cell line, MiaPaCa-2, or the colon cancer cell line, HT29, to understand the effects of stromal tissues on molecular permeability through 3D-tissues. The 3D-MiaPaCa-2 tissues showed an increase in the secretion of www.advancedsciencenews.com www.advhealthmat.de collagen and the other ECM proteins depending on the cancer cell ratio, whereas 3D-HT29 tissues did not show a significant difference. The secreted amount of ECM proteins in 3D-tissues containing 90% MiaPaCa-2 cells was approximately ten times higher than that of 10% of the cancer cell condition. The relative mRNA expression of SMAD7, a TGF-β inducible antagonist of TGF-β signaling, in fibroblasts was suppressed in the presence of the pancreatic cancer cells; however, the mRNA expression of COL1A1, collagen type I, did not show a significant difference. Accordingly, herein we presented in vitro cancer-stromal 3D-tissue models as useful tools to analyze the interactions between cancer and stromal cells. Studies of the signaling pathways involved in the development of the desmoplastic reaction are currently in progress and will be the object of future studies.
Experimental Section
Materials: All chemicals were used without further purification. FN from human plasma (M w = 4.6 × 10 5 Da) was purchased from SigmaAldrich (MO, USA). Gelatine (G) (M w = 1.0 × 10 5 Da), Tris-HCl, 10% formalin solution, and Dulbecco's modified Eagle's medium were purchased from Wako Pure Chemical Industries (Osaka, Japan). An ELISA assay kit for collagen was purchased from R&D systems (MN, USA), and 0.22 µm of filtered trypsin and trypsin inhibitor were purchased from Worthington (NJ, USA). The 24-well cell culture insert with a 0.4 µm pore size, 6-well cell culture insert with a 3 µm pore size, and cell culture plates were purchased from Corning (NY, USA), and NHDFs were purchased from Lonza (NJ, USA). The pancreatic cancer adenocarcinoma cell line (MiaPaCa-2) and colon cancer cell line (HT-29) were purchased from ATCC (VA, USA).
Construction of 3D-Cancer-Stromal Tissues: To prepare FN-G nanofilms on the cell surfaces, the filtration-LbL method was employed as previously described. [21] Briefly, a total of 5 × 10 6 NHDFs or cancer cells were suspended in 500 µL of 0.2 mg mL -1 of FN and G solution and added to a 6-well culture insert. The insert was placed in wells containing FN and G solution and alternately incubated for 1 min using a shaking incubator (SI-300, As One, Japan), followed by a thorough washing step. To collect the coated cells during each step, the insert was moved to an empty well and shaken horizontally at 1.1 g to filtrate the suspension. After nine steps of coating, the nanofilms of FN-G were coated onto each of the cell surfaces. These cells were suspended in 0.4 mL of medium supplemented with 10% foetal bovine serum and seeded onto the 24-well cell culture insert, and the cells were further incubated in 5% CO 2 at 37 °C. After incubation for 1 d, the 3D-tissues were constructed. The tissues were cultured for 3 d and subsequently fixed with 10% formaldehyde solution for haematoxylin-eosin (HE) and immunological staining.
Permeability Assays of Fluorescein Isothiocyanate Labeled Dextran: FD4k and FD2000k were adjusted to a 1 mg mL -1 concentration using phosphate buffered saline (PBS). The permeability experiments of the constructed 3D-tissues were performed after incubation for 3 d. After filling the outside of the 24-well insert including 3D-cancer-stromal tissues with 1 mL PBS and filling the inside of the insert with 200 µL FD/PBS solution, 30 µL of the solution was collected from the outside of the insert after incubation for 1, 4, 6, 10, 14, and 24 h. The intensity of FD permeated from the inside of the insert to the outside was measured using the Nanodrop 3300 (Thermo Scientific, USA), and the permeability was calculated using a standard line prepared beforehand. Permeability coefficients were calculated using a previously described formula. [26] The permeability assays were conducted using living samples.
Measurements of Secreted Type I Collagen and the Other ECM Proteins Using ELISA and Collagen Stain Kits: Type I Collagen secreted from cancer-stromal tissues was measured using the Human Collagen I ELISA kit (ACEL, Inc., Kanagawa, Japan). Briefly, constructed 3D-tissues were treated with pepsin solution after incubation for 3 d. The amount of type I collagen contained in the lysate solutions was detected with an ELISA kit using a standard curve. The amount of collagen and noncollagen proteins was estimated using a Collagen Stain Kit (Collagen Research Centre, Japan). The collagen stain kit involved collagen and noncollagen protein staining with specific dye and eluting reagents for the dye. [27] Collagen was red and noncollagen protein was green after the staining reaction and subsequent washing in PBS, and the staining dye was dissociated after treating the stained tissues with the eluting reagent. The absorbance of the obtained solution was measured at 530 and 605 nm.
Histology and Immunohistochemical Staining: Paraffin-embedded 3D-tissues were sectioned at 6 µm and stained with HE. For immunohistochemical staining, a Histofine Simple Stain MAX-PO (M) kit (Nichirei, Tokyo, Japan) was used according to the manufacturer's instructions. The 7 µm thick sections were first incubated with 0.3% hydrogen peroxide for 30 min to remove endogenous peroxidase activity and subsequently incubated with primary antibodies at appropriate dilutions (1:100). The sections were incubated with enzyme-conjugated secondary antibodies for 30 min at room temperature and subsequently incubated with the staining substrate. The images were obtained using an Olympus CKX41 microscope coupled with an Olympus DP20 digital camera (Olympus, Tokyo, Japan). At least three independent studies were performed, achieving similar results.
Statistical Analysis: All data were expressed as the means ± SD, unless otherwise specified. The values represent the means ± SD from three independent experiments. Statistical comparisons between groups were analyzed using two-tailed Student's t-test. A p value *, <0.05 and **, <0.01 was considered statistically significant. N.S. means no significant difference.
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